The hippocampus is critical for some forms of memory and spatial navigation, but previous research has mostly neglected the CA2, a unique region situated between CA3 and CA1. Here, we show that CA2 pyramidal neurons have distinctive physiological characteristics that include an unprecedented synaptic stability. Although basal synaptic currents in CA1 and CA2 are quite similar, synaptic plasticity including long-term potentiation and long-term depression is absent or less likely to be induced with conventional methods of stimulation in CA2. We also find that CA2 neurons have larger leak currents and more negative resting membrane potentials than CA1 neurons, and consequently, more current is required for action potential generation in CA2 neurons. These data suggest that the molecular "conspiracy against plasticity" in CA2 makes it functionally distinct from the other hippocampal CA regions. This work provides critical insight into hippocampal function and may lead to an understanding of the resistance of CA2 to damage from disease, trauma, and hypoxia.
Introduction
Is CA2 a distinct subfield of the hippocampus, or is it merely a transition region between CA1 and CA3? Evidence for the former is that CA2 is spared in several models of hypoxia/ischemia (Kirino, 1982; Sadowski et al., 1999) (but see Han et al., 2005) , and it possesses a unique pathology in schizophrenic patients (Benes et al., 1998; Benes and Todtenkopf, 1999) . Moreover, the CA2 neurons of normal aged humans without Alzheimer's disease often contain large, lipofuscin-containing deposits not seen in other CA areas (Braak, 1980) , suggestive of distinct protein or lipid metabolism in this area. Thus, CA2 of hippocampus appears to be dissimilar from the other CA regions with respect to death and survival from injury or age. Anatomically, CA2 pyramidal neurons closely resemble CA3 neurons in size and dendritic branching patterns (Lorente de No, 1934; Woodhams et al., 1993; Ishizuka et al., 1995) , but share with CA1 features that include the lack of large, thorny spines characteristic of the mossy-fiber synapses from the dentate gyrus. Molecularly, CA2 can be clearly delineated from its neighboring CA regions by expression patterns of some genes (Zhao et al., 2001; Lein et al., 2004 Lein et al., , 2005 . Also, some extracellular matrix components and oligodendrocytes are found in greater abundance there than in CA1 and CA3 (Berger and Frotscher, 1994; Bruckner et al., 2003) .
In view of these differences in molecular makeup and resistance to injury, we tested the hypothesis that CA2 neurons in rat hippocampus are similarly resistant to synaptic plasticity when compared with CA1 neurons. Whole-cell voltage-and currentclamp recordings were used to examine resting membrane potential, leak currents, and action potential and synaptic properties. We found that several of these properties distinguish CA2 from CA1. Most striking, however, was the apparent stability of synaptic responses in CA2 that included a resistance to long-term potentiation (LTP) and long-term depression (LTD) induction protocols relative to the other CA subfields.
Materials and Methods
Electrophysiological recordings. Hippocampal slices were prepared from Sprague Dawley rats (generally 11-21 d of age) or from C57BL/6J mice (also 11-21 d of age). Under deep anesthesia, animals were decapitated, and the brains were rapidly removed. Coronal brain slices (350 m thick) containing the hippocampus were cut using a vibrating blade microtome in ice-cold sucrose-substituted artificial CSF (ACSF) containing the following (in mM): 240 sucrose, 2.0 KCl, 1 MgCl 2 , 2 MgSO 4 , 1 CaCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, which was bubbled continuously with 95% O 2 /5% CO 2 to obtain a pH of 7.4. Freshly cut slices were placed in an incubating chamber with ACSF and recovered for at least 1 h. For electrophysiological recordings, slices were transferred to a recording chamber in which they were bathed continuously with ACSF. Recordings were made from CA2 neurons only when the CA2 could be visually distinguished from CA1; CA2 has the larger neurons (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The average ages of the animals were similar in CA1 and CA2 recordings (13.00 Ϯ 0.35 and 12.97 Ϯ 0.29 d, respectively), as generally, recordings were alternated between the two areas. In some cases, not included in these averages, animals Ͼ4 weeks of age were used for supplemental data.
Although most of the data presented were from recordings performed at room temperature, similar results were obtained when experiments were performed at 34.5°C (supplemental material, available at www.jneurosci.org).
In most cases, whole-cell recording of CA1 neurons were made with patch pipettes (3-5 M⍀) filled with solution containing the following (in mM): 120 K-gluconate, 10 KCl, 3 MgCl 2 , 0.5 EGTA, 40 HEPES, 2 Na 2 -ATP, 0.3 Na-GTP, with pH adjusted to 7.2 by NaOH. For the pairinginduced LTP experiments, the internal solution contained the following (in mM): 115 Cs-methanesulfonate, 20 CsCl, 2.5 MgCl 2 , 0.6 EGTA, 10 HEPES, 4 Na 2 -ATP, 0.4 Na-GTP, and 10 phosphocreatine disodium salt. For the measurements of NMDA receptor (NMDAR) currents, the internal solution contained the following (in mM): 102 CsOH, 102 D-gluconate, 3.7 NaCl, 10 BAPTA, 0.2 EGTA, 20 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 5 lidocaine N-ethyl bromide (QX314), and 5 tetraethylammonium chloride. Perforated patch recordings were made using 100 mg/ml nystatin added to the pairing-LTP solution. For the leak current and NMDAR measurements, 5 mM QX314 was included in the standard internal solution for blockade of sodium-dependent action potentials.
Standard ACSF consisted of the following (in mM): 124 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 17 D-glucose. For leak current measurements, the external solution contained 3 mM KCl, 1 mM tetrodotoxin, and 50 mM ZD7288, and D-gluconic acid sodium salt (140 mM) was substituted for the sodium chloride. Reversal potentials could be shifted by changing the external potassium concentration. For NMDAR currents, standard ACSF was used with the following modifications (in mM): 3 KCl, 4 CaCl 2 , and 4 MgCl 2 , 1 glycine, 50 picrotoxin, and 20 CNQX. Miniature EPSCs (mEPSCs) were recorded in standard ACSF with 0.1 mM MgSO 4 and 0.5 mM picrotoxin before and after application of 50 mM APV. Membrane potential measurements and action potential thresholds were corrected for the recorded junction potential (10 mV). Stimulating electrodes (cluster-type) were obtained from FHC (Bowdoinham, ME). LTP was induced with either two 1 s bursts of stimulation delivered at 100 Hz in current-clamp mode, repeated once with a 30 s interval, or with a pairing protocol [1.5 min of 3 Hz stimulation (270 pulses) paired with depolarization to 0 mV in voltage-clamp mode]. LTD was induced with 7.5 min of stimulation at 2 Hz, with cells held at Ϫ75 mV in voltage clamp. For LTP in the perforated-patch recordings, the baseline synaptic responses were allowed to stabilize after the access resistance fell below 400 m⍀ (generally 10 -15 min). Otherwise, the baselines for LTP experiments in whole-cell mode were always 5 min (for both CA1 and CA2). Uncompensated series resistances (Ͻ20 m⍀) did not differ significantly between CA1 and CA2 (CA1, 12.71 Ϯ 0.15; CA2, 13.4 Ϯ 0.78).
Miniature EPSCs were recorded at Ϫ60 mV over two 3 min periods, both before, and after application of 50 mM D-APV. NMDAR components were calculated by subtracting the average of traces acquired during APV from the averaged traces before the APV.
For determination of action potential thresholds and spike accommodation, whole-cell recordings were made in current-clamp mode. Current pulses of 180 ms duration in 0.2 nA increments were applied to CA1 and CA2 pyramidal cells, and the membrane potentials at which point the cells fired action potentials determined by using the method outlined by Henze et al. (2000) . Briefly, the action potential threshold was determined by finding the voltage at the point at which the third derivative crossed from negative to positive before the peak of the first derivative. Accommodation was expressed as a ratio of the interval between the first two action potentials.
Seizures and staining. Status epilepticus was induced in male C57BL/6 male mice (7-8 weeks of age) via the intraperitoneal injection of pilocarpine. Animals were initially injected (intraperitoneally) with 1 mg/kg atropine methyl nitrate 30 min before being injected with pilocarpine (325 mg/kg, diluted in physiological saline; Sigma, St. Louis, MO). Status epilepticus was defined as a continuous motor seizure of stage 4 (rearing and falling), 5 (loss of balance, continuous rearing and falling), or stage 6 (severe tonic-clonic seizures) (Racine, 1972) . After 15 min of status epilepticus, mice were transcardially perfused with cold saline, followed by 4% paraformaldehyde in PBS (10 mM; pH 7.4) under ketamine/xylazine anesthesia. Brains were postfixed in 4% paraformaldehyde for 4 h at 4°C and cryoprotected with 30% sucrose in PBS. Coronal sections (40 m) through the dorsal hippocampus were prepared using a freezing microtome.
For immunohistochemistry, brain sections were washed with PBS and incubated in 0.3% hydrogen peroxide/PBS for 20 min to eliminate endogenous peroxidase activity. After several washes with PBS, sections were blocked with 10% normal goat serum in PBS, followed by overnight incubation with rabbit anti-phosphorylated extracellular signalregulated kinase (pERK) antibody (Cell Signaling Technology, Beverly, MA; 1:2000) or mouse monoclonal anti-striatal enriched tyrosine phosphatase (STEP) antibody (Novus Biologicals, Littleton, CO; 1:2000) at 4°C. Sections were then processed using the ABC staining method (Vector Laboratories, Burlingame, CA). Nickel-intensified DAB (Vector Laboratories) was used to visualize the signal. Photomicrographs were captured using a 16 bit digital camera (Micromax YHS 1300; Princeton Instruments, Trenton, NJ) mounted on a Leica (Nussloch, Germany) DM IRB microscope. A similar protocol was used for staining of TREK1 (Alomone Labs, Jerusalem, Israel; 1:500) and calbindin D28K (Chemicon; 1:500), except that secondary antibodies were conjugated with Alexa Fluor (Invitrogen, Carlsbad, CA; 1:100). For identification of a limited number of CA2 neurons, 200 mM Oregon Green or 0.4% biocytin conjugated with Alexa Fluor 488 was added to the internal electrode solution, and after recording, the slices were fixed overnight.
Results

LTP expression is impaired in hippocampal CA2 neurons
The hippocampus, more than any other brain region, is distinguished for its plasticity of synaptic responses. High-frequency synaptic stimulation typically results in a long-lasting increase in the size of the synaptic response (LTP) in the dentate gyrus, CA3, and CA1 of hippocampus (Bliss and Lomo, 1973; Alger and Teyler, 1976 ), but never has LTP been assessed in CA2. Using wholecell recordings, we tested whether 100 Hz synaptic stimulation could induce LTP in CA2 neurons with the postsynaptic neuron in current-clamp mode. In most CA2 neurons, no potentiation of the synaptic currents was observed, and in some cases, a depression was induced (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material). This is in contrast to CA1, in which LTP can be readily induced in most neurons. To rule out the possibility that synapses onto CA2 neurons do not express LTP because they cannot follow high frequencies of stimulation, and to insure that the postsynaptic cell was adequately depolarized, we tested whether a pairing protocol (3 Hz stimulation paired with depolarization to 0 mV) could induce LTP in CA2 neurons. As with the 100 Hz stimulation, we failed to induce LTP in CA2 neurons using this pairing protocol ( Fig. 1) , both with and without picrotoxin in the bath to block GABA A inhibitory currents or when a perforated patch configuration was used (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). We consistently induced LTP when using these protocols in CA1. The pairing protocol was also ineffective at inducing LTP even when the recordings were made closer to physiological temperature or from slices prepared from older rats (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Neither stimulation at higher frequencies, such as those most effective for inducing LTP in dentate gyrus (200 Hz; eight pulses; repeated eight times), nor inclusion of a phosphatase inhibitor (1 mM okadaic acid) to block LTD, was effective at aiding in LTP induction in CA2 (n ϭ 4 and 3) (data not shown).
To rule out that this lack of LTP in CA2 was unique to the rat, we tested the pairing protocol for its ability to induce LTP in mouse hippocampus. Although a potentiation was induced immediately after the pairing that was indistinguishable from that in mouse CA1 (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), the potentiation rapidly decayed to the baseline level within 10 min, suggesting that critical components of the LTP consolidating pathway are missing in the CA2 of both rats and mice. Although we cannot rule out the possibility that some other stimulation may prove successful in inducing LTP, these data do demonstrate that LTP, if present in CA2, is fundamentally different from that in CA1 (and CA3) in that it is only rarely induced with current standard protocols from a normal baseline state.
Synaptic responses do not differ between CA1 and CA2
With LTP so severely impaired in CA2 relative to CA1 and CA3, we sought to determine whether synaptic properties could explain the deficit, although the size of the baseline synaptic responses used in the plasticity experiments did not differ from one another significantly (87.61 Ϯ 7.11 pA in CA1; 81.08 Ϯ 6.31 in CA2; n ϭ 33 and 31, respectively; includes data from LTD experiments below). To determine whether synaptic responses were less effective or otherwise different in CA2, an input-output curve was constructed (Fig. 2 A) . We found that synaptic responses evoked over a range of stimulation intensities were not significantly different between CA2 and CA1, consistent with the fact that both areas receive much of the same type of synaptic inputs from the CA3 (Lorente de No, 1934) . mEPSC amplitudes also did not differ significantly between CA1 and CA2 (CA1, 10.02 Ϯ 1.31 pA; CA2, 8.56 Ϯ 1.48 pA; n ϭ 9 each; p Ͼ 0.4). Presynaptic function, as assessed by mEPSC frequency and paired-pulse facilitation (PPF), was similar in CA1 and CA2 (Fig.  2 B, C) , but PPF was slightly larger in CA2 at the smallest interval tested ( p Ͻ 0.03). These data do not explain the lack of LTP in CA2, because greater paired-pulse facilitation has been associated with lower probability of release and possibly more LTP (Schulz et al., 1994) (but see Asztely et al., 1996) .
Patterns of expression of NMDA receptor mRNA and agonist binding show that the major NMDA subunits are expressed evenly across the hippocampus, or with CA2 being similar to CA3 (Buller et al., 1994; Wenzel et al., 1995) . To rule out that NMDA receptors are rendered less functional in CA2 neurons, perhaps by STEP, which is enriched in CA2 (Boulanger et al., 1995) and has been demonstrated to negatively regulate NMDARs (Pelkey et al., 2002) , we recorded synaptic NMDA receptor responses in the presence of an AMPA-type glutamate receptor antagonist (CNQX) and a GABA A receptor antagonist (bicuculline). We found that NMDA receptor-mediated currents were indistinguishable between CA1 and CA2 at a range of stimulus intensities (Fig. 2 D) . Furthermore, the NMDAR-dependent components of mEPSCs and their ratio to AMPAR-dependent components of the mEPSCs do not differ between CA1 and CA2 ( Fig. 2C ), indicating that impairment of NMDA receptor function cannot explain the reduced plasticity of CA2. Analyses of NMDA receptor-dependent waveforms to distinguish between contributions of NR2A and NR2B NMDA receptor subunits, which are differentially implicated in LTP and LTD, respectively (Liu et al., 2004) , also revealed no difference between CA1 and CA2 neurons (data not shown). The voltage dependences of NMDARdependent responses similarly did not differ between the two areas (data not shown). Thus, a reduced presence/function of NMDARs cannot explain the relative lack of LTP of CA2.
LTD is heterogeneously expressed in hippocampal CA2 neurons Do the properties that limit LTP in CA2 similarly inhibit LTD, considering that both LTD and LTP rely on NMDA receptor activation and postsynaptic calcium influx (Malenka and Bear, 2004) ? To answer this question, we tested a stimulation protocol typically very effective in CA1 for its ability to induce LTD in CA2 (2 Hz at Ϫ75 mV holding potential in whole-cell voltage clamp) (Fig. 3 A, B) . In contrast to LTP, LTD could be induced in some CA2 neurons that was of equal magnitude to that induced in CA1. Unlike CA1, however, CA2 showed a heterogeneous response to the low-frequency stimulation; in more than one-third of CA2 neurons, LTD could not be induced [LTD in 21 of 34 cells (61.8%) in CA2, vs 20 of 23 cells (86.9%) in CA1 (Fisher's exact test, p ϭ 0.039; unequal variance t test, p Ͻ 0.05)] (Fig. 3B) . The initial size of EPSCs in "depressing" CA2 cells (87.5 pA) was not significantly different from the initial size of the "nondepressing" CA2 cells (68.7 pA; p Ͼ 0.24), but because the initial EPSC size is set by the experimenter at the beginning of each LTD experiment, and thus potentially normalizing different-sized responses, we examined in a post hoc analysis whether the cells in which LTD was induced (LTD cells) had a different sensitivity to electrical stimulation than those in which LTD could not be induced (no-LTD cells). We found that they did not differ (Fig. 3C) . These findings suggest that whatever is responsible for limiting LTP in CA2, it is not impacting LTD in all CA2 neurons, and it cannot be is illustrated with staining for STEP, which has been described previously (Boulanger et al., 1995) . Error bars indicate SEM.
explained by initial "plasticity state" of the synapses. These findings also demonstrate that LTD induction is heterogeneously expressed in CA2, much like the expression of some molecules such as chromogranin A and the vasopressin 1b receptor (Munoz, 1990; Woodhams et al., 1993; Young et al., 2006) .
CA1 and CA2 membrane properties differ
To investigate whether CA1 and CA2 neurons could be otherwise discerned electrophysiologically, and because TREK-1 channels are concentrated in rat CA2 (Talley et al., 2001) , we sought to determine whether leak-like currents were different between the two areas. Using whole-cell voltage clamp, we found that currents in response to voltage steps were larger in CA2 neurons than in CA1 (Fig. 4 A, B) (n ϭ 10 each). Currents measured from CA3 neurons were intermediate between the two (data not shown). Neurons possessing greater number of these background (leak) currents should have a greater (more negative) membrane potential than others containing fewer channels, assuming that they contribute the largest proportion to the membrane potential (Goldman, 1943) . Consistent with this, we found that, indeed, CA2 had a highly significant difference in membrane potential from CA1, and it was more negative (Fig. 4C) ), we cannot rule out that the currents are attributable to some channel other than TREK-1, or a signaling molecule differentially expressed in CA2.
If CA2 cells have leakier membranes, it follows that more current will be required for action potential generation. To establish whether CA2 neurons are more difficult to fire relative to CA1, we determined the minimum stimulus for action potential generation, and the action potential thresholds. In current-clamp recording mode, current pulses of 180 ms duration in 0.2 nA increments were applied to CA1 and CA2 pyramidal cells, and the membrane potential at which point the cells fired action potentials was determined (Fig. 5A) . We found that more current, on average, was required to generate action potentials in CA2 neurons than CA1 neurons, consistent with our finding of bigger leak currents in CA2 neurons (Fig. 5B ). This increased current requirement for action potential generation is not entirely explained by the more negative resting membrane potential in CA2 neurons, because the threshold membrane potential itself was more depolarized (less negative) in CA2 neurons (Fig. 5B) . These data do not, however, explain the lack of LTP induction in CA2, because the number of action potentials induced and the depolarization during 100 Hz tetanus were not significantly different between the two areas (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material).
To determine whether voltage-and/or calcium-regulated potassium channels are different in CA2 neurons, we looked at several measures of their function. Spike accommodation is a defining feature of regular spiking pyramidal neurons (Cole and Nicoll, 1983) and is thought to require calcium-gated potassium channels (Lancaster et al., 1991) . This measure, expressed as a ratio of the first interval between action potentials, was not different between CA1 and CA2 neurons (Fig. 5C,D) . Action potential widths (CA1, 3.81 Ϯ 0.09 ms; CA2, 3.96 Ϯ 0.08 ms), which rely more significantly on voltage-gated potassium channels (Adams et al., 1982; Storm, 1987) , and amplitudes (CA1, 104.86 Ϯ 3.92 mV; CA2, 100.89 Ϯ 3.6 mV; n ϭ 20 each) did not differ significantly between CA1 and CA2 either. These data show that, when assessed for measures of potassium channels not included in the two-pore domain family, CA2 neurons are very similar to CA1 neurons.
Because whole-cell patch-clamping neurons necessarily disrupts intracellular components, and the dendrites of CA2 neurons are difficult to precisely localize for field potential recordings, we sought a measure of activity-dependent kinase activity that was free from possible in vitro artifact and independent of electrical stimulation. To do this, we stained brain tissue from animals that had experienced induced seizures using antibodies specific for the dually phosphorylated, active form of ERK. Although such experiments would not specifically address LTP-dependent pathways (Dudek and Fields, 2001; Thiels et al., 2002) , the findings could support our assertion that the cellular and molecular properties of CA2 neurons, which include high levels of TREK-1, calbindin, adenosine receptors, and STEP, influence cell signaling in a way consistent with the lack of LTP and/or LTD in some neurons. The result could further shed some light on whether the resistance of CA2 to damage from a variety of insults potentially begins immediately on the onset of the insult, or whether distinct prolonged prosurvival programs are required to confer resistance to insults. We found that, despite robust staining for the phosphorylated ERK in CA1 and CA3 15 min after seizure activity, very few neurons in CA2 neurons were similarly labeled (supplemental Fig. 5 , available at www.jneurosci.org as supplemental Figure 2 . Synaptic properties recorded in CA1 and CA2 neurons. Excitatory synaptic currents in response to electrical stimulation were not significantly different between CA2 and CA1 neurons. A, A range of stimulation intensities up to 60 mA stimulation were used to evoke synaptic responses recorded in CA1 (black diamonds) and CA2 neurons (white squares). At no intensity were the two significantly different (n ϭ 8 cells each). B, The level of PPF was determined by delivering two electrical pulses at varying intervals. The ratio of the amplitude of the second response to the amplitude of the first response is plotted according to the interval between the two pulses. PPF in CA2 was very similar to PPF in CA1, but was larger at the smallest interval (*p Ͻ 0.03; n ϭ 10 cells each). C, mEPSCs did not differ between CA1 and CA2. Shown are example traces, NMDA/AMPA ratios, and frequency of events (n ϭ 9 neurons each). Calibration: 10 pA, 100 ms. D, Representative NMDA receptor currents from CA1 and CA2 neurons, recorded at ϩ40 mV. Calibration: 20 pA (CA1) and 10 pA (CA2), 25 ms. NMDA receptordependent current amplitudes did not differ significantly between CA1 and CA2 at several stimulation intensities (n ϭ 10 in each case; p Ͼ 0.2 at all stimulation intensities, t test). Error bars indicate SEM. material). These findings show that differences between CA2 neurons and their neighboring cells are apparent immediately after a pathological event and support the notion that the CA2 neurons fundamentally differ from CA1 and CA3 neurons in cell excitability, calcium buffering, and/or phosphatase activity. Primarily, however, they illustrate that many of the fundamental differences between CA1 and CA2 are not attributable to artifacts related to cutting the tissue and maintaining it in vitro.
Discussion
Without a doubt, the most striking characteristic of CA2 pyramidal neurons was the relative stability of their synaptic responses when compared with CA1 and CA3. This includes a severe deficit in LTP induction or expression and a heterogeneous response to LTD-inducing stimulation, neither of which could have been predicted based on the anatomic differences between CA2 neurons and those in CA3 and CA1, although in hindsight, the results are quite consistent with the complement of some molecules in CA2. Although we found that more current was required for action potential generation in CA2 cells, and this would have been an obvious reason for why LTP induction is impaired, two lines of evidence argue against the idea: (1) a pairing protocol, which involves voltage clamping the neuron to 0 mV during stimulation with QX314 to block sodium-dependent action potentials, is equally ineffective at inducing LTP as are attempts using a 100 Hz protocol in current clamp, and (2) the number of action potentials and depolarization induced with 100 Hz stimulation recorded in CA2 were not different from those evoked in CA1. Thus, if TREK-1 or other two-pore domain channel-mediated current leak is the factor limiting LTP and/or LTD induction in CA2, it is likely to be doing so in the dendrites or by regulating other voltagedependent channels and not by influencing somatic action potentials. The total number of action potentials could, however, impact ERK activation in that the two are intimately linked (Zhao et al., 2005) . Active and passive dendritic currents also remain a possible site of plasticity regulation in CA2, but additional work using recordings from dendrites will be required to rule out or support this hypothesis. In somatic whole-cell recordings, errors relating to space clamp can be a problem, and our recordings from these neurons with large dendrites are certainly not exempt (Spruston et al., 1993) . For several reasons, however, we do not think these problems change the major finding of our study, that plasticity is very different in CA2. First, the degree of branching in CA1 and CA2 neurons is similar on a gross structural level (Ishizuka et al., 1995) , and so the two areas can be considered comparable at least to some degree. Furthermore, we did perform one of our LTP protocols (the LTP-pairing protocol) with cesium in our internal solution, which would decrease a portion of the voltage-clamp error; we found that it made no difference in our ability to induce LTP. Errors in voltage-and space-clamp aside, synaptic responses can be compared in the same neuron before and after a "plasticity-inducing" stimulation. Nevertheless, our greatest concern is related to our finding that CA2 neurons are "leakier" and thus neurons in CA1 and CA2 may not be directly comparable in their recording errors. Because the mEPSCs from the very distal synapses may fall below our detection because of dampening of the signal by dendritic cable properties and leak potassium channels, we may be underestimating the number and the amplitudes of mEPSCs in CA2 (or overestimating the amplitudes, if small amplitude mEPSCs were not detected and therefore not included in the analysis). Again, however, we do not think these issues are likely to change our main conclusion, that plasticity is fundamentally different in CA2 from other CA regions. By using both evoked and miniature EPSCs to measure presynaptic and postsynaptic function, including NMDA receptor components, we may conclude that gross synaptic function cannot readily explain the difference in plasticity. We also note that, although our lack of LTP in CA2 was observed at near-physiological temperatures, most of our recordings were made at room temperature, thus potentially impacting some results of our study. We find the possibility of an impact of temperature that is differentially expressed in CA2 unlikely, however.
The impairment of LTP stabilization at later time points in mouse CA2, and the lack of long-term synaptic potentiation entirely in rat CA2, has many possible molecular causes: (1) A 1 adenosine receptors, which inhibit LTP consolidation (Arai et al., 1990; de Mendonca and Ribeiro, 1990) and/or synaptic transmission in general (Mitchell et al., 1993) are abundant in CA2 (Ochiishi et al., 1999) ; (2) extracellular matrix proteins, thought to play a role in restricting plasticity (Pizzorusso et al., 2002) , are high in CA2 (Yamamoto et al., 1988; Bruckner et al., 2003) ; (3) oligodendrocytes (Berger and Frotscher, 1994) and astrocytes (Yamamoto et al., 1988) are distinct in CA2; (4) calbindin, a calcium binding protein more commonly found in inhibitory interneurons, is present in CA2 pyramidal cells (Leranth and Ribak, 1991; Toth and Freund, 1992) and can regulate synaptic plasticity (Chard et al., 1995) ; (5) STEP, a phosphatase that can dephosphorylate and inactivate ERK in response to NMDA receptor activation (Paul et al., 2003) and prevents LTP induction by inhibiting NMDA receptor function (Pelkey et al., 2002) , is enriched in CA2 (Fig. 1) and (Boulanger et al., 1995) ; and (6) CA2 neurons have a different complement of integrin subunits than those in CA3 and CA1, particularly in their lack of the ␤5 integrin subunit (Pinkstaff et al., 1999) . Integrin molecules may be critical for maintenance of LTP-related changes in the actin cytoskeleton (Kramar et al., 2006) , and the decay of potentiation in mouse CA2 over 10 min is certainly consistent with the idea that CA2 is missing critical LTP-stabilizing components like integrins. Future experiments will be necessary to determine whether one or several of the molecules in the "conspiracy against plasticity" in CA2 contributes to the deficit in LTP and the low levels of ERK phosphorylation after seizure activity.
Although LTP was absent in nearly all CA2 neurons, the incidence of LTD at CA2 synapses fell into a heterogeneous distribution: those neurons expressing LTD, and those that did not. Such heterogeneity of this type of plasticity, and that neurons in CA2 express chromogranin-A and vasopressin 1b receptors in a similar heterogeneous manner, indicate that the pyramidal neurons within CA2 are indeed a mixed population of cells (Munoz, 1990; Young et al., 2006) . That LTD can be induced in some neurons and not others also suggests that the extracellular matrix and glial components, on a gross level, still support some plasticity in CA2 stratum radiatum. Our own staining for pERK reveals a small number of neurons in CA2 that stain after seizures, but at this time we are unable to predict whether this population represents one of the LTD phenotypes. Whether and how LTD could be reversed without LTP should be a topic of additional study, but investigations on this effect are generally hampered by the fact that LTP can "wash out" by typical patch recording longer than a few minutes, and field potential recording would not distinguish among the different populations of CA2 neurons.
Synaptic plasticity such as LTP and LTD and ERK phosphorylation require rises in intracellular calcium postsynaptically, most commonly through NMDARs, and so unique expression, processing, or regulation of NMDARs may be one way that plasticity is reduced in CA2. This explanation is particularly attractive given that STEP, which is found concentrated in CA2 (Boulanger et al., 1995) , blocks LTP induction by reducing NMDAR currents (Pelkey et al., 2002) . We found that this explanation was unlikely to be the sole cause of the synaptic stability of CA2, however; NMDAR-mediated currents were similar to those recorded from CA1 neurons and thus cannot explain the difference in synaptic plasticity in the two areas. The role of STEP in dephosphorylation and inactivation of ERK (Paul et al., 2003) , although a likely explanation for the reduced staining for pERK in CA2 after seizures, may not be what is directly interfering with LTP; okadaic acid, A, Leak currents were recorded from CA1 and CA2 neurons with sodium gluconate substituted for sodium chloride, CoCl 2 , and ZD7288 to isolate leak potassium conductances. Currents were in response to 1-s-long voltage steps from Ϫ120 to Ϫ40 mV in 10 mV increments. Representative traces are shown. Calibration: 50 ms, 100 pA. Steady-state levels were plotted in B. n ϭ 10 each for CA1 and CA2. C, Resting membrane potentials were significantly more negative in CA2 neurons than in CA1 neurons. **p Ͻ 0.001; n ϭ 20 cells each. CA3 neurons had intermediate leak currents and membrane potentials (n ϭ 10) (data not shown). Error bars indicate SEM.
which blocks the phosphatase upstream of STEP, did not aid in LTP induction in CA2. Lack of large differences between CA1 and CA2 in non-NMDAR-dependent responses and presynaptic function, as assessed by paired-pulse facilitation and mEPSC frequency, are likewise unable to explain a lack of plasticity. This leads us to expect that any one or a combination of the several genes differentially expressed in CA2 neurons postsynaptically could be critical factors in both plasticity and resistance to neuronal injury (Lein et al., 2004 (Lein et al., , 2005 . Future study of CA2 may therefore reveal much about the cellular processes of synaptic plasticity and cell death (Kirino, 1982; Sadowski et al., 1999; Maxwell et al., 2003) , but in addition, it may also reveal new and previously unpredicted insights into hippocampal function.
